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INTRODUCTION
The site-specific recombinases, such as the bacteriophage P1 recombinase Cre, are widely used to excise a specific locus of genetic constructs integrated into a genome. Such genetic constructs possess recombinase recognition sites flanking the region intended to be removed by expression of a gene coding for the recombinase (for review, see Wirth et al. 2007 and Van Duyne 2015) . Placing a regulatable gene coding for a site-specific recombinase into the locus flanked by its recognition sites allows self-excision of this construct by induction of recombinase expression. This can be used for construction of conditional alleles or for facilitation of selectable marker recycling. Obtaining genetic constructs possessing a gene coding for the recombinase together with its recognition sequence by cloning in Escherichia coli cells requires prevention of its expression in this host. In case of constructs designed for the introduction into eukaryotic cells, this can be achieved by introducing an intron into the recombinase gene (Bunting et al. 1999; Kaczmarczyk and Green 2001; Agaphonov and Alexandrov 2014; Zhang et al. 2017) . Recently, construction of integrative vectors for yeasts Saccharomyces cerevisiae and Hansenula (Ogataea) polymorpha, which can be self-excised from the yeast genomes due to the presence of a regulatable and intronated gene coding for the bacteriophage P1 recombinase Cre, was reported (Agaphonov and Alexandrov 2014) . However, the use of the H. polymorpha vectors led to observation of some plasmid instability during maintenance in E. coli cells, which could be due to recombination between the loxP sites caused by residual expression of the cre gene. The experiments performed in this work allowed identification of the source of this problem and solved it by construction of improved versions of the vectors.
MATERIALS AND METHODS
Hansenula polymorpha (Ogataea parapolymorpha) DL1-L (leu2), Saccharomyces cerevisiae BY4741 (MATa his3 1 leu2 0 met15 0 ura3 0) and Escherichia coli DH-5alpha (F -endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG purB20 ϕ80dlacZ M15 (lacZYA-argF)U169, hsdR17(r K -m K + ), λ -) strains were used in this study. Yeasts and E. coli cells were transformed with plasmids according to the previously described methods (Inoue, Nojima and Okayama 1990; Bogdanova, Agaphonov and TerAvanesyan 1995; Gietz and Schiestl 2007) . The pAM751 plasmid was obtained by insertion of the BspHI-BspHI 931 bp fragment of the pUK21 plasmid (Vieira and Messing 1991) possessing the kan gene into the SmaI site of the pAM631 vector (Agaphonov and Alexandrov 2014) . The pAM772 plasmid was constructed by replacement of the NruI-PciI fragment of pAM751 for the NruI-PciI fragment of a PCR product obtained with primers 1 and 2 (Table 1 ) using pAM751 as a template. The pAM773 plasmid was constructed by replacement of the NruI-MabI fragment of the pAM751 for the NruI-MabI fragment of PCR product, which was obtained as follows. Using pAM751 as a template two PCR products were obtained with primer pairs 1-3 and 4-5 (Table 1) . The final product was obtained by fusion of these two products via PCR with primers 1 and 5 (Table 1 ). The S. cerevisiae vector pAM784 with mutated Cre-coding sequence was obtained by replacement of the Alw44I-MabI fragment of the pAM634 vector (Agaphonov and Alexandrov 2014) with the corresponding fragment of pAM773.The S. cerevisiae self-excising vector pAM850 with altered intron and promoter region of the Cre-coding gene was constructed as follows. The fragment possessing the S. cerevisiae RPO26 intron was obtained by PCR with primers 6 and 7 (Table 1) . This fragment was inserted into the PvuII site of pYES2 Figure 1 . Scheme of the pAM751, pAM772 and pAM773 plasmids (A); ethidium bromide-stained gel with samples of these plasmids digested with XbaI (B); and scheme of hypothetical Cre-mediated recombination events leading to formation of plasmid molecules, which retain the kan marker and whose digestion with XbaI produces fragments lacking this gene or possessing its additional copy. Red triangles on the scheme designate loxP sites. The plasmid samples were isolated from equal volumes of cell cultures.
plasmid and then SpeI-AsuII 0.6-kb fragment possessing the intron fused to the GAL1 promoter was inserted between XbaI and ClaI sites of pAM634. The S. cerevisiae RNQ1 locus fragment was obtained by PCR with primers 8 and 9 (Table 1) , self-ligated, digested with BglII and inserted into the SalI site of pAM784 and pAM850 vectors. To allow ligation of the vectors and insert, the cohesive ends were partially (2 bp) filled-in by the Klenow enzyme. Digestion of the resulting plasmids with PstI created linear DNA fragments consisting of the vector sequence flanked with sequences guiding integration into the chromosomal RNQ1 locus via double crossing-over recombination. Expression of the Cre-coding genes was induced by incubation of cells in complex medium containing 1% yeast extract, 2% peptone and 2% galactose (in case of S. cerevisiae) or 1% methanol (in case of H. polymorpha). To estimate efficacy of the vector excision, aliquots of overnight cultures obtained in the induction media were spread onto YPD plates (1% yeast extract, 2% peptone, 2% dextrose, 2% agar) to obtain single colonies. Overnight cultures obtained in YPD medium, which ensured repression of the Cre-coding genes, were used as controls. Obtained colonies were replica-plated onto leucine omission medium to count those that are unable to grow without leucine due to the loss of the vector sequence.
RESULTS AND DISCUSSION
The most probable explanation of the instability of the Hansenula polymorpha self-excising vectors was recombination between the loxP sites due to incomplete prevention of the Cre expression in Escherichia coli cells. To monitor this, the kanamycin resistance marker (kan) was inserted into the polylinker of the pAM631 plasmid. The resulting plasmid was designated pAM751 (Fig. 1A) . Growing E. coli transformants in the presence of kanamycin was expected to restrict recombination between the plasmid loxP sites since it results in the loss of the kan gene. However, the plasmid sample obtained from cells grown in the presence of both kanamycin and ampicillin was not homogenous since treatment with XbaI, whose site should be unique in the plasmid, produced more than one band (Fig. 1B) . Although the counterselection against cells lacking the kan marker may reduce amount of molecules appearing due to recombination between loxP sites within the monomeric plasmid, it does not restrict Cre-dependent intermolecular recombination, producing plasmid dimers. Asymmetric recombination between loxP sites within some plasmid dimers in turn may result in appearance of molecules, which retain the kan marker and whose cleavage with XbaI would produce fragments representing entire sequence of the original plasmid, a plasmid lacking the kan gene and a plasmid with a duplication of this locus (Fig. 1C) . Possibly, the bands at ∼6, ∼5 and ∼7 kb (Fig. 1B) correspond to these fragments, respectively. To circularize the obtained fragments, the XbaI-digested pAM751 plasmid sample was treated with T4 DNA ligase and used to transform E. coli cells. Only a portion of the transformants (13 of 29 tested) obtained on an ampicillin plate were kanamycin resistant indicating excision of this marker due to expression the cre gene even though translation of its mRNA should be blocked by presence of the intron. Notably, similar to native introns of yeast genes, the intron interrupting the Crecoding gene born by this vector was placed right after the initiation codon leaving most of the open reading frames available for translation in E. coli. I hypothesized that after termination at the nonsense codon within the intron, the mRNA translation is reinitiated at the AUG codon for a methionine residue corresponding to M24 of wild-type Cre (Fig. 2) . This implies that the protein starting from the M24 is functional. Analyzing the open reading frames in the intronated sequence between the conventional initiation codon and the codon for M24, one can conclude that translation initiated in frames 1 and 3 is terminated before the AUG codons in frame 2, which in turn encounters a nonsense codon right before the AUG codon for the M24 (Fig. 2) . Termination of translation at this nonsense codon may allow translation reinitiation at codons for M24 or M26. This could be prevented by removing the frame 2 nonsense codon and allowing translation to pass through the M24 and M26 codons in the incorrect reading frame. Alternatively, removing these potential initiation codons also should prevent the in-frame translation initiation. To do this, the cre sequence of pAM751 was mutated either by replacing the G residue for C in the frame 2 nonsense codon without altering the Cre protein sequence (plasmid pAM772) or by replacing codons for M24 and M26 for alanine codons (plasmid pAM773). Both mutations prevented generation of additional plasmid forms during maintenance in E. coli cells and noticeably increased the plasmid yield (Fig. 1B) . All tested ampicillin-resistant E. coli transformants obtained with the XbaI digested and re-ligated pAM772 and pAM773 plasmids were also resistant to kanamycin indicating that this marker is not excised by Cre-mediated recombination. At the same time, the obtained mutations did not affect Cre function or its expression in H. polymorpha cells since after genome integration, the pAM772 and pAM773 vector backbone could be excised by inducing of expression of the Cre-coding gene (data not shown).
The ability of the obtained mutations to prevent Cre expression in E. coli proves that it was due to translation reinitiation on codons for M24 or M26. It also indicates that the N-terminally truncated Cre retains its function. M24 and M26 possibly are also dispensable since their replacement for alanine residues did not noticeably affect Cre function.
Although among the previous set of self-excising vectors (Agaphonov and Alexandrov 2014) , such obvious instability was observed only in the H. polymorpha, but not in S. cerevisiae vectors, the same cre mutation as in case of pAM773 was introduced into the S. cerevisiae vector pAM634. To test ability of the resulting plasmid for self-excision, a fragment of the RNQ1 gene was introduced into its polylinker to allow integration into this locus. Notably, the self-excision of the previously tested vectors bearing the unchanged Cre-coding sequence is not very efficient, since only approximately one third of cells in culture grown in galactose-containing medium overnight lose the vector marker (Agaphonov and Alexandrov 2014) . One could expect similar rate of vector excision in transformants obtained with the plasmid bearing the mutated gene. Surprisingly, the replacement of the M24 and M26 codons for codons for alanine completely abolished the vector self-excision indicating a loss of cre expression in S. cerevisiae (data not shown). It is possible that the H. polymorpha intron, which was also used in this vector, was not properly spliced in S. cerevisiae. Following this suggestion, the GAL10 promoter and intron-containing fragment was replaced with the GAL1 promoter fused to the RPO26 intron. This restored and improved the ability of the vector for self-excision, since growth of yeast transformants in galactose-containing medium overnight led to virtually complete loss of the vector marker (data not shown).
The modified versions of the self-excising yeast plasmid vectors obtained in this work have important advantages over the previous ones. Particularly, the modified H. polymorpha vectors pAM772 and pAM773 do not suffer from polylinker excision during maintenance in E. coli cells, which greatly facilitates cloning of DNA fragments in them. The modified S. cerevisiae vector pAM850 is excised from yeast genome much more efficiently upon induction of expression of its Cre-coding gene. Apart from improving vectors, the data obtained here show that at least 23 N-terminal residues of Cre are dispensable for its function. This should be taken into account when obtaining constructs for switchable Cre expression.
